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PREFACE 


The objective of this program is the development of a small 
Integrated optics sutiching matrix, which should be able to serve as a 
building block for a larger integrated optics switching matrix in an optical 
switching center* The larger switching matrix should be designed with either 
four input lines and four output lines, or with eight input and sixteen output 
lines* High data rate throughput (up to 300 megabits per second), low 
crosstalk, and low distortion are of major Importance* Fiber optic 
transmission is considered, and injection lasers will be used. 

The switching mafvfix uses electro-optic Bragg diffraction switches in 
plvunar optical waveguide, where the light is guided in only one dimension* In 
the planar waveguide, the optical beams can cross over each other without 
interaction. 

The alignment of the switching matrix requires rotation of the entire 
matrix in reference to the incident laser beam. Low crosstalk requires that 
the laser beams not become distorted when propagating through the waveguide 
and below the switches, and also that the deflected beam not be distorted by 
nonunlformlties In the phase grating of the switches. The requirement for 
distortionless propagation through the waveguide, which was formed by titanium 
in-dlffusion, could be met only at low optical intensities. At higher 
intensities, the observed optical damage can be avoided when the waveguide Is 
formed by out-diffusion. In future development of a large switching matrix, 
the formation of the planar waveguide must be changed to out-dlf fusion. 

The design of the small integrated optics switching matrix developed 
under this contract indicates high performance. The performance can be 
accomplished without tuning of thi$ individual switches. The accuracy of the 
photolithographic processing of j^^eriodic electrodes of the switches 
indicates that the periodicity of the switches for the larger matrices can be 
reduced from 8 microns to M microns, or less. This capacity will allow for a 
reduction in the size of the switching matrices by a factor of 2, at least. 

The implementation of an optical switching center, using a switching 
matrix similar in design to the one developed under this contract, will 
require development of input-output fiber links. In addition, methods need to 
be developed to speed-up the slow decay of the electric field of the switches, 
which will decrease the crosstalk. Crosstalk reduction, using a spatial 
filter in the Fournier plane of a lens, requires development* 
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SECTION X 
INTRODUCTION 


The objective of this program, under the NASA Contract NAS5-25827i 
Is the development of a small Integrated optics switching matrix. The small 
switching matrix should be able to serve as a building block for a larger 
Integrated optics switching matrix In an optical switching center. The 
larger switching matrix should be designed with either four Inputs and four 
outputs, as shown In Figure 1-1, or with eight Input lines and sixteen output 
lines. A high data rate throughput of up to 300 Mblts/s Is required. Low 
crosstalk and low distortion are of major importance. Fiber optic 
transmission Is considered for interconnections In the switching center. 

This seems necessary because of the high data rate and considerable 
transmission distances wlt^ii^n the center. The optical transmitters of the 
future switching center will use injection lasers and will transfonn the 
output from RF receivers to optical data streams. Because direct modulation 
of the Injection lasers will be used, a separate optical channel for each RF 
receiver will be required. 

In 1978-79 under NASA Contract NAS5-2449 a comparison was made, as 
part of the feasibility study, between the integrated optical switching 
concept and other switching methods, for meeting the design goal outlined 
above. The Integrated optical switching concept was found to be the optimal 
solution, because of its potentially high efficiency, high reliability, 
minimal power consumption, wide bandwidth, simple distribution, and ability 
to connect optical fibers to an optical switching matrix. 

The Integrated optics switching matrix uses electro-optic Bragg 
diffraction switches. It also uses terminations inline with the input laser 
beams. A key feature of the electro-optic Bragg diffraction switches is that 
the switched ”off” position does not adversely affect wave propagation. The 
feedthrough due to the limited deflection efficiency (, 16 %) of the switch in 
the "on** position, can be absorbed by the optical terminations. An 
additional feature, as shown in Figure 1-2, is that only one switch in the 
matrix needs to be energized for connection of an input port to an output 
port. 
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Figure 1-2. Integrated Optics Switching Matrix in Operation 





The eleotro-optlo Bragg diffraction switches In the switching matrix 
are built in planar waveguide. This onenilmenslonal confinement property 
prevents the •’off*’ position of the switch from tdversely affecting wave 
propagation. This design requires that the radiation from the Input optical 
fibers be odlllmated by external optlos. The oolllmated laser beams forming 
the Input terminals, and the deflected laser beams forming the output 
terminals, must be parallel to each other. 

The design of the electro-optio Bragg diffraction switches for the 
4 X 4 and the 8 x 16 switohing matrix must be commensurable with the limited 
size of the single ferroeleotrio orysfeal forming the substrate of the 
switching matrix. Fortuitously, the geometry of a 4 x 4 and a 8 x 16 
switohing matrix can be well matohed to the cross section of a pulled single 
ferroelectric crystal. To conserve space on the single ferroelectric crystal, 
coupling of the radiation from the optical fiber input lines to the switching 
matrix should be performed by endfire couplers. 

The small Integrated optics switohing matrix which was developed in 
1979-^8(31, under the NASA Contract NAS5-25827, must be considered a scaled 
building block of the 4 x and of the 8 x 16 switching matrix. Therefore, 
the design of the small switohing matrix was optimized with regard to the 
limitation imposed on the larger switching matrices by the size of the single 
crystal. The design goal of the small switohing matrix is low crosstalk and 
low distortion. 

The small switohing matrix has been tested using a single HeNe laser 
source. A careful evaluation of the test results yielded sufficient 
information of the switching oharaoteristics to proceed with the design of the 
larger switching matrices. 


1-4 


mmm k 

aUHKAH)t 


mtMx his b«^«n t^«v«lopd^t tn^ m\m% m t 

iQ«jiil f'oi'' feUi 4i«lii\ of lariov' »v}J.<iOhii^ w»ti'iof.a» Vh« Infe^gUMfifeta 

iwl^Qhlni m%i'i^ oUomk^ fom tth« 4i\t«it'«(\ of « awit^ohlni m\\%%v^ 
»4^h Ui|U IHiito tUi'OUihpi]^ of vi& ^o 4Q0 HU4^g/o* 'fht 0<ii4|n gotli foi^ 
ii'% lov) oi'ongti^lk low Ulateoi'tloiu 

'i'ht gwltiOUH^ 4i|>loi%i\fei\i4oft t«Qhu4qo% his boon OovoloptO 

uMOf bUl« oowbi^ob obu %ooo«ipUah bhlg (jlooitn io«l« 


’fh% iwlfeohiog wftbi'vU \\m^ oleobt'o-opbio Ut^gg diffi'goblon gwlbohoa in 
pUnm' opiioal wgvognide* in bhin wgvtgnidin, bhn iigUb is ini«Jo<i in only ono 
4i»nAs4on% l\\ bU% onfehoionnl aiiousloni tbn light io oonrinto m' roouiing bU® 
apibigUy oohnntnb lg®®n Mm into bh® wnbi'ix» *fu® fonuanh l®a®v' h®g«wgiibi 
it fit h®gi poaibion whan® bh® wav® fnonb ia plan®i ®xb®nha ov®n bh® enbin® 
MbniXt Xb ia fonbnibona bhab bh® leuibh of bh® haabiwaiab in bh® wavagnih® 4a 
axbanhih by Iba langan nafnaobiv® inhax^ in bh® planan wav®gnW®i bh® opbioal 
bMMa oan ot'oaa ov®n ®aoh obhan wibhonb inbaiMObion* 

Xhe ®l®®bi'o»‘opbin Ui'agg Oiffi'aobion awibohaa, whioh naquin® 
Unaanly-poliniaeil apabiaUy oohonanb laa®n ligbbi an® ifflpl®in®nb®(i with a 
paniohio altobi^di® pabbann on bop of bh® planan Mavegnia®t A volbagt of 
II volba» whan appliah bo bh®a® alaobi'ohaai aaflanba bh® inoManb laaan banit 
Whan bh® volbai® ia n®wov®h» ao bhab bh® awiboh ib bnnnad off» bh® light 
ptiaas below bh® penoiOio ®l®obi'oa®a wibhonb inbenaobion* Wibh bii® awiboisi 
iobivabah bh® beam hefleobion angle OepenOa on bh® angle of inoiOenoei bh® 
heaign of bh® peniooio ®i®obi'oO®a» bh® opbioal wavelengbhi an® bh® nefwobiv® 
inhax of bh® opbioal wavegniOot a ohang® of bh® eleobnio fi®in ohangea only 
bh® Oafltobion ®ffioi®noy% J^ino® ail of b^sea® imnam®bena w®n® known i bh® 
awibohint labnix waa Oaaignah anO pnopan awibohing aobion waa obaanveO. 

1^1 iwibohing poaibiona in bh® awibohing wabnix an® nob bebwaen bh® 
'^off'^ an® "on" poaibiona of bh® awiboheat inab®ah| bh® oonnaobiona b®bw®®n 

1*1 


tiht Input nndi output porto I'omtU uilng only tho **on^ petition of th* 
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Input port I to output port t * Switch 1 

Input port a to output port t « Switch II 

Input port l to output port 3 Switch 111 

Ihe ii^ut beam fram port I waa aligned to prapigate through awitohea I and 

111$ the deflected beama went to output porta ^ and 3* reapeotivelyi which ara 
apaced 1*06 mm apart* the input beam from port a waa defleoted by awitoh II 
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to output port 4. At output port 4, the beams deflected by the switches I and 
II ooinolded within 2 microns* Crosstalk was below 30 dB. No additional 
optics were used to reduce the crosstalk. 

The performance of the small Integrated optics switching matrix 
developed under this contract Indicates that the design can yield high 
performance. This performance can be accomplished without tuning of the 
individual switches. The accuracy of the photolithographic processing of the 
periodic electrodes of the switches is such that the periodicity of the 
switches for the larger matrices can be reduced from 8 microns to 4 microns or 
less. This capability will allow a reduction in sizil of the switching 
matrices by at least a factor of 2. 

One problem that has been observed is the slow decay of the electric 
field of the switches* For low crosstalk, it is essential that the field 
decays rapidly. Methods to attain faster deoay have to be developed. 

The implementation of an optical switching center, using a switching 
matrix similar in design to the one developed under this contract, will 
require development of input-output fiber links. In addition, crosstalk 
reduction, using a spatial filter in the Fourier plane of a lens requires 
development. 


SECTION 3 
SWITCHING MATRIX 


3.1 PESIGN 

The main task under this program is the development and evaluation of 
a 2 X 2 Integrated optics switching matrix as a building block for larger 
4 X 4 or 8 X 16 switching matrices. 

The major requirement for the switching matrix is low crosstalk and 
low distortion. To meet these requirements, the switches of the matrix are 
Bragg diffraction switches built in planar integrated optics waveguide. In 
the planar waveguide, the waves are confined in one dimension only (x-axis). 
The guiding of the optical waves in the orthogonal direction (z-axis) takes 
advantage of the high directivity of spatially coherent laser beatns. The 
confinement of the width of the laser beams along the z-axis is accomplished 
by focusing the laser beams to the center of the switching matrix. This 
design approach eliminates waveguide junctions. The optical beams car. cross 
over in the planar waveguide without interaction. When the optical waves were 
guided in channel waveguides, scattering would occur at the junctions where 
the optical waves cross over. Also, there is no traveling wave interaction 
between optical beams in the planar waveguide. (Section 6) 

In the 2X2 switching matrix, four electro-optic Bragg diffraction 
switches are required. The switching positions are not between the ”off” and 
••on" positions of each switch. Instead, the connections between input and 
output ports are formed using only the "on” position of the switches. This 
type of operation is advantageous in attaining low crosstalk, since the 
deflection efficiency of the Bragg diffraction switches from the "off” to the 
"on" position is limited to 75 % • The feed-through of the undeflected beamc is 
absorbed by an optical termination. Since the connections are formed using 
only the "on" position of the switches, the connections can be completely 
interrupted when the electric field is removed from the switches. In the 
switching matrix, only one switch needs to be energized to connect an input 
port to an output port. 
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To faoilltate fabrication, the first model of the 2X2 switching 
matrix was constructed as a scaled model of the future building block. That 
is, the width and the spacings of the periodic electrodes of the Bragg 
diffraction switches are scaled to twice the size of those in the larger 
switching matrices. The use of a scaled model of the 2X2 switching matrix 
could expedite and facilitate the development, reduce the coat for its 
fabrication, and increase the probability of unlformaity of the periodic 
electrode structure in the first model to be built. In addition, scaling of 
the first model of the 2X2 switching matrix was required because it was 
operated with a HeNe laser, rather than an injection laser radiating at longer 
wavelengths. 

The design of a 2 X 2 switching matrix in the LiTiNbO^ planar 
waveguide using four electro-optic Bragg diffraction switches, and an optical 
matched termination, is shown in Figure 3-1. The planar waveguide and the 
Bragg diffraction switches are of the same design as those tested previously 
(Section 4.8). The switches are placed so that the optical beam from input 
port 1 propagates through switches I feid III; the optical beam from input port 
2 propagates through switches II and IV. The deflected beams from switches I 
and II propagate to output port 4 and the deflected beams from switches III 
and IV propagate to output port 3 . 

The switching matrix shown in Figure 3-1 is designed for highest 
deflection efficiency. This requires that the angle of Incidence of the 
optical beams on the diffraction grating (formed by the Bragg switches), 0^0 » 
be made equal to the angle of deflection©^. For 0^ * ®d Bragg 

diffraction condition is given by 

sin = sin (3-la 

where Xq is the optical wavelength in free space, A is the periodicity of 
the diffraction grating ( A s 8 microns) and n is the refractive index of the 
LiTiNbOg waveguide (n = 2.234). The Bragg angle from Eq. 3-la is 
1.014*. The placement of the awitchea in the matrix is given by the tangent 
of the Bragg angle 0^. 
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The sohematlo of the switching sotion is shown in Figure 3-2. The 
switch positions are: 

Switch I: input port 1 to output port 4 

Switch II: input port 2 to output port 4 

Switch III: input port 1 to output port 3 

Switch IV: input port 2 to output port 3 

The undefleoted beams are not directed to an output port. They are terminated 
by the optically matched termination shown schematically in Figure 3-1. The 
optically matched teraination takes advantage of the phenomena that an 
unsymmetrical dielectric waveguide has a cut-off for guiding electromagnetic 
waves. The LiTiNbO^ waveguide • which is sandwiched between the LiNbO^ 
substrate and air, is unsymmet^'ical ; and a guided optical wave is transformed 
to a radiating wave when the depth of the in-diffused titanium decreases below 
the waveguide out-off. To form the optically matched termination, it is 
necessary to gradually decrease the amount of titanium which is diffused into 
the LiNbO^ substrate, as shown in Figure 3-1. 


The design of the switching matrix shown in Figure 3-1 was sent to 
Microwave Associates for fabrication on August 10, 1980. However, Microwave 
Associates could not fabricate this switching matrix. Because the program was 
late, there was insufficient time to make a new mask for the lithographic 
process of forming the periodic electrodes on the LiTiNbO^ waveguide shown 
in Figure 3-1* Instead, in order to fabricate the switching matrix, a mask 
had to be used which had been designed and implemented in December 1979* The 
periodic electrodes on this mask are not tilted as is required for the 
electro-optic Bragg diffraction switches. Figure 3-3 shows the design of the 
December 1979 mask that had to be used to form the periodic electrodes of the 
switching matrix. As shown in Figure 3-4, each block on the mask shown in 
Figure 3-3 is a complete set of periodic electrodes. 


Because of the restrictions imposed by the December 1979 mask design, 
the switching matrix shown in Figure 3-1 could not be Implemented. The design 
had to be changed and switch IV had to be omitted. To fit the geometry of the 
switching matrix into the pattern shown in Figure 3-3, the angle of incidence 
of the optical beams on the diffraction switches could no longer equal the 
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Figure 3-4. Optical Switch Matrix Pattern 



angle of the deflected beams. The Bnagg diffraction condition for the case 
that 9^ jl 9^ becomes 


sin 9j|^ 


* % ' rr 


(3-lb) 


To fit the geometry of the switching matrix into the pattern shown in Figure 
3-3 f the angle of incidence computed from Eq* 3-lb had to be made 
6^ s 0.909** » and the angle of deflection had to be made 6^ s 1.12*, 
assuming a refractive index of the LlTiNbO^ waveguide of n s 2.234. 

However, the fit could not be made perfect. 


The location of the three switches on the mask of December 1979 is 
shown in Figure 3-5a, and the beam transformation through the switching matrix 
is shown in Figure 3-5b. The optical beaia i’rom input port 1 propagates 
through switches I and III, and the optical beam from input port 2 propagates 
through switch II. The deflected beams from switches I and II propagate to 
output port 4, and the deflected beam from switch III propagates to output 
port 3 . 


The design of the switching matrix shown in Figure 3-5 is such that 
the distance between the output beams is larger than that of the input beams. 
This des%n is advantageous so far as crosstalk is concerned, since the output 
beams from the Bragg diffraction switches are slightly wider than the input 
beams (Section 5 ) . 

The possible switch positions of the matrix in Figure 3-5 are: 

Switch I input port 1 to output port 4 

Switch II input port 2 to output port 4 

Switch III input port 1 to output port 3. 

The geometry of the switching matrix could not be fitted perfectly to 

the pattern shown in Figure 3-3, and the centers of the deflected beams from 
switches I and II do not coincide exactly. However, the computed difference 
between beam centers is only 2 microns, which is Insignificant. 


3-8 




Figure 3-5b. Beam Transformation Through Switching Matrix in Figure 3*5a 



The dealgn of the awitohlng matrix ahown in Figure 3-5 uaea a 
refraotive index of the LlTlNbO^ waveguide of n b 2«23^> The deflected 
beama from awitohea I and II would not oolnolde if the refraotive index 
differed from thla value* In that oaaef the geometry of the awitohlng matrix 
ahown in Figure 3-5 would have to be ohanged, and a new awitohlng matrix would 
have to be fabricated. 


The change from the awitohlng matrix dealgn ahown in Figure 3-1 where 
01 ■ 0^1 to that ahown in Figure 3-5» whore 0^ 0^, reaulta In a 

reduction in deflection efficiency. This reduction is caused by a diffraction 
effect which la introduced by the finite width w of the dlffraotion grating of 
the awitohea. The reduction in def lection intenalty, when 6^ * 0^ ia 
given by 


1 B 1 


sin 


rw sin 6 


,ln 0j. / \ j 

' % i. / 
V 


where all values in Bq. 3-2 are those measured in air. For 
0d “ 0^ * 0.2111®, (0^ ~ Q^) B 0.47® and w b 0.55 mm, 


(3-2) 


1 f/ 0.76 lo. 

That ia, the deflection efficiency is decreased to 0.76 of its value for 
®i ' %■ 


Though the mask shown in Figure 3-3 had to be used to fabricate the 
switching matrix, which resulted in the omission of the fourth switch and in a 
reduction in deflection efficiency, the program was not really jeopardized. 

The feasibility of the switching matrix design, using eleotro-optlo Bragg 
diffraction switches in planar optical waveguide, could be demonstrated. 
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3.a EXPBBlHISNTAt RESULTS 

The awALohing roaLPlx in Figure 3-5 haa bean febrioated at Miorowave 
Aaaooiatea on a LiNbO^ aubabrabe of S** x i”* Figurea 3-6a, b, and o ahow 
phofcographa of the periodic eleobrodea of the three awiboheai and Figure 3-7 
ahowa a photograph of the auitohing matrix* The uniformity of the periodio 
eleotrodea ia equal to that of the aingle awitoh xhioh had been teated 
previoualy (Section 4). 

The axitohing matrix xaa teated in DCG*a laboratory* In the teat 
aet-up ahoxn in Figure 3-8 i the input and output oouplera to the axitohing 
matrix are rutile priama. For proper alignment i the priama and the matrix are 
rotated together in the x-y plane until the inoident HeNe laser beam arrivea 
at the input priam at the aynohronoua angle of the fundamental mode of the 
liiTiNbOj xaveguide* 

The incident HeNe laaer beam ia foouaed by a diffraotion limited lena 
of 15 cm focal length « The axitohing matrix ia plaoed at the beamxaist of the 
fOQuaing lena. The beam radlua of the HeNe laaer beam ia approximately 
0.4 mm 5 the laaer ia 37 om from the lena. The tranaformation from the 
beamxaiat of the HeNe laaer Sxj^ through the lena xith the focal length f to 
the aeoond beamxaiat i^Xq* ia given by 



xhere d^ ia the distance from the beamxaiat S Xg to the lena. The 
d la tance of the aeocnd beamxaist from the lens, d^ is 



For * 0.04 om, dj^ ■ 37 om» f » 15 om, x^ * 73 mlorona, and 
d^ « 15.73 om. 
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Plfurcs 3-6» and b. Photographa of MaGnlfied Periodic Eleotrodaa 

of Switchaa I and II 
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Flgur* 3-6o. Photograph of nagnlfied Parlodlo Elaotrodes or Switch III 
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Figure 3-7. Photograph of the Switching Matrix Shown in Figure 3-5a 
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The laser beam is focused Into the LiTlNbO^ waveguide with a 
refractive index of n s 2.234« The radius of the beamwaist in the dielectric 
is the sane as that in air (Section 9i Eq* 9-6), s 73 microns. However, 
the position of the beamwaist is affected by the dielectric; it is moved 
further into the dielectric. Then the distance between lens and coupling 
prism d^ becomes 



where corresponds to the pathlength through the prism y^^ » 1 cm and 
n^^ s 2.86; y 2 is the distance to the center of the LiTiNbO^ waveguide, 
yg » 2.5 cm and n 2 - 2.234. 

The laser beam expands from the beamwaist. The distance over which 
the bean expands by no more than a factor 1.1 (Section 9, E2. 9-9) is 5.4 cm. 
Thus, over the entire length of the switching matrix the beam expands by no 
more than a factor 1.1. 

The angle of incidence on the Bragg diffraction switches shown in 
Figure 3-5 is 0^ = 0.909". This angle had to be adjusted very precisely in 
the y-z plane to attain the beam transformation shown in Figure 3-5. To do 
so, a precision rotational stage was added to the mounting platform, as shown 
in Figure 3-8. The switching matrix, together with the coupling prisms, is 
mounted on this rotational stage. For proper rotation the center of rotation 
of this stage has to coincide with the refracting surface of the input 
coupling prism. Because of the refraction at the prism surface, a rotation 
of 6 degrees of the rotational stage corresponds to a rotation of the incident 

laser beam in relation the switches of matrix of Odegrees, where n s 2.86. 

n 

To test the switching matrix, the focused laser beam enters the 
switching matrix at the height of input port 1. The deflection of the input 
beam by switch I to output port 4 and by switch III to output port 3 is 
monitored. The laser beam is then moved to the height of input port 2, and 
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the deflection of the input beam by awltoh II to output port 4 is monitored* 
The matrix la well aligned when theae awltohlng aotlona oan be performed with 
good deflection efficiency . 

Plrat, the awltohlng action was obaerved vlaually. To do so, at a 
dlatanoe of 1*5 cm from the output prism, the two output ports were marked* 
They were spaced at a distance of 1*1 mn from each other, corresponding to the 
spao;i,ng of the deflected beams shown In Figure 3-5* The markings were mounted 
on the same holder aa the switching matrix, and remained in a fixed position 
In relation to the switching matrix* 

The two Input beams, which were deflected by the Bragg diffraction 
switches, Illuminated the proper markings* When the incident laser beam from 
port 1 Illuminated switches I and III, the deflected beams were directed to 
output porta 4 and 3 respeotlvely* The defleoted beam from switch II, when 
Illuminated by the Incident beam from port 2, was also directed to output 
port 4* 


To ascertain the accuracy of the visual observation, the markings 
were replaced by a pin hole of approximately 300 microns In diameter which was 
attached to a radlameter* The diameter of the pinhole was close to the 
Gaussian width of the defleoted laser beams at a distance of 1*5 cm from the 
output prism* The measured distance of the defleoted beams from switches I 
and III is 1*06 mm; the defleoted beams from switches I and II coincide within 
2 microns. This, not only proves the correctness of the design, but also of 
the assumed refractive index of the LlTlNbO^ waveguide* The alignment of 
the switching matrix is comparatively simple; it does not require tuning of 
the Individual switches, but simply a rotation of the entire switching 
matrix. The good result proves that the design principle Is correct and oan 
be extended to larger switching matrices* 

Croi!|stalk reduction between the output beams at port 3 and port 4 , 
Which Is described in Section 6, could not be implemented because no time was 
left to do so* The optical design to accomplish crosstalk reduction, which is 
described in Section 6, Is shown in Figure 3-9* Under the present contract • 
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Figure 3-9* Optical Design of Crosstalk Reduction 



tt^e lens and the spatial filter shown In Figure 3*-9 were omitted. Thus^ no 
protection against crosstalk by Incoherent Interaction, like scattering, can 
be provided. To provide protection against coherent Interaction, two optical 
fibers Intercept the radiations from the two output ports, as shown In Figure 
3~10. The "receiving cross sections" of the fibers are such that each fiber 
Intercepts predominantly the beam from only one output port* 

The two beams from the output ports are parallel and spaced 1.06 mm 
apart. The beams expand from the beamwalst at the center of the switching 
matrix. For this reason the two fibers should be close to the coupling 
prisms. To minimize crosstalk, the cross section of the two fibers should not 
exceed the diameter of the Gaussian width of the light beams. Since most of 
the optical energy Is concentrated within the Gaussian width of the laser 
beams, the small diameter of the fibers will have the effect of reducing 
crosstalk (by not Intercepting light from regions where the beams overlap) 
without substantial loss In transfer efficiency. 

To minimize crosstalk, the "receiving cross section" of the optical 
fibers, (that Is, their directivity) should be high. This requires that the 
optical fibers transfer only light which Is Incident over a small angle 
range. The numerical aperture of a step Index fiber Is 

NA = slne= (n^^ - n^) 

where n^ and ti 2 are the refractive Indices of the core and the cladding, 
respectively* 

For the correct placement of the optical fibers, two effects have to 
be considered. The parallel beams expand from the beamwalst, requiring that 
the fibers be very close to the coupling prism. However, when the fiber Is 
too close, the beam which Is deflected from switch III Is not sufficiently 
separated from the undeflected beam from Input port 2* 
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OUTPUT PORT (D 



Figure 3-10. Coupling of Radiation Froa the Ttao> Output Ports 

to IWo Optical Fibers 




The radius w of the ex()andlng laser beam is 


(■ • (^) ‘) 

where w^ is the radius of the beamwalst at the center of the switching 
matrix, Is the wavelength In air and 


y 



+ 



y^ 


where Is half the length of the LlTlNbO^ waveguide, n^^ = 2.234, 72 
is the length of the optical path through the prism, = 2.86 and is 
the distance from the prism to the fiber. For y^^ = 2.5 cm, yg = 1 cm, 
y^ = 1.5 cm and Wq =; 73 microns, w s lio microns. For the deflected beam 
where the beamwidth is increased by a factor 1.25 (Section 5), w = 138 
mlcrons: 


The laser beams from the switching matrix are transferred to the 
prism by traveling wave interaction, where no refraction occurs. They are 
refracted at the interface between the prism and air. For the present 
alignment of the switching matrix and the prisms, the undeflected beams 
propagate through the prism perpendicular to the interface, and are not 
refracted. The deflected beam is Incident on the interface under an angle of 
2 . 03 ® ( refracted to an angle of 5.8® for n = 2.86. 

At a distance of 1.5 cm, the centers of the undeflected beam from 
input port 2 and the deflected beam from switch III are separated by 1.2 mm, 
which should provide sufficient Isolation between the beams. 

Crosstalk between the light beams in the switching matrix was 
measured by using a small pin hole of approximately 300 microns in diameter 
and a radiameter. The pinhole was placed about 1.5 cm from the output prism. 
The pinhole diameter subtends an area close to the Gaussian width of the laser 
beams. 
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To measure the crosstalk to output port the pinhole was placed at 
output port 4. The voltages of swltohes I and II were then turned off to 
measure the feed** through from the input lines. Subsequently, switch III was 
energized to measure the crosstalk from the beam which is deflected to output 
port 3> Crosstalk between all ports was more than 30 dB below the intensity 
of the beam deflected to that port. The crosstalk might have been even lower, 
but could not be measured with our present set-up. Crosstalk can be further 
reduced by using a lens and a spatial filter in the Fourier plane, as shown in 
Figure 6-5, Section 6. Low crosstalk can be attained only when optical damage 
is avoided. 

In measuring the crosstalk, we observed that the optical power in a 
deflected beam could not be turned off completely, though the voltage had been 
turned off and both terminals were grounded. The remaining power decayed 
slowly. It seems that a weak electric field (which slowly decays) remains 
inside the LiTiNbO^ waveguide. Further Investigations are required to 
introduce faster decay of the remaining electric field. 
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SECTION 4 

ELECTRO-OPTIC BRAGG DIFFRACTION SWITCH 


Evaluation of width of diffraction grating to yield a diffraction 
beam similar in width to incoming beam. 

4.1 WIDTH OF DIFFRACTION GRATING 

A typical thin-film electro-optic Bragg diffraction switch is shown 
in Figure 4-1. The switch is based on the linear electro-optic effect, where 
as external electric field can change the refractive index of a ferroelectric 
material such as LiNbO^. The optical switch is bullf. into a planar 
waveguide which is formed by In-dlffusion of metal into the ferroelectric 
substrate. An interdigital electrode structure is formed on top of the 
optical waveguide. 

In the electro-optic Bragg diffraction switch, a phase grating is 
induced by a spatially periodic electric field. In the switching matrix using 
Bragg diffraction s\<i c/ies, the optical waves are guided by the planar 
waveguide in the x-direction while in the z-dlrectlon; the beam shape is 
determined by the external optics. A voltage applied to the periodic 
electrodes on top of the planar waveguide sets up the periodic electric 
field. The electric field vector, which gives rise to the periodic refractive 
index variation, is parallel to the z-directlon. The shape of the periodic 
phase grating is outlined by the shape of the periodic electrodes. The 
minimum width of of the phase grating is determined by the 

requirement that the laser beam incident on the periodic phase grating 
diffracted in a single beam (Bragg dcMnain), rather than in a multitude of 
grating lobes (Raman and Nath domain). The minimum width for Bragg 
diffraction is 

„ _ (4-1) 

rain ' 211^0 

where is the optical wavelength in air, n is the refractive index of the 
LiTiNbO^ waveguide, A is the periodicity of the phase grating and Q » 10. 
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Proa Equation 4-1 1 w 


for Q ■ 10 and n > 2.234 la 


Min 



A at 

A s 6 m I 


X 1 0.6328 ^ « 0.63 

0 0 

X • 0.6326 

p 

X > 0.63 
0 

''min " 0.068 mm 

0.360 mm 

0.274 mm 


Tha analysis of the beam deflection In the Bragg domain uses ray 
optics. Badh orest of the phase grating Is considered a refleotlng plane. 
Houeverf the reflectivity of the reflecting plane Is small because the ohange 
In refractive index An» introduced by the electro-optic effeoti Is small. 
Thusi all the Incident rays are reflected at many of these refleotlng planes 
as shown in Figure 4-2* The multiple periodic reflections will add In phase i 
when 


sin -f sin * 



(4-2) 


where and are the angles of the Incident and the deflected rays 
Inside the optical waveguide • 

. 11 . « = .in . 5 ^ (1-3) 

1 a A 

for 

From Equation 4-2, the Bragg angle can be computed for s it la 



> 

If 

A a 8 m I 


A « 0.6328 A « 0.83 

0 0 

A^ a 0.6328 

a 0.83 

0 

0 ^ * 2.03“ 2.66“ 

1.014“ 

1.33“ 


Because of the multiple reflections of the rays when traveling 
through the phase grating, the amplitude of the Incident wave decays and the 
amplitude of the diffracted wave increases. Blnoe these waves are coupled by 
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Figure 4-2. Phaae Relation in Bragg Dif Fraction Domain 
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the periodic spatial phase variations of the dif fraction grating, their decay 
and build-up can be expressed by coupled wave equations* To express these 
equations in terns of the coordinate system shown in Figrue H-2, the direction 
of the wavenomal it must be transformed to the y-axis* It is 


«. * 


(«-<0 


cosy. 


The coupled wave equations which relate the normalized timplitude of 
the incident wave to the normalized am'^lltude of the diffracted wave 
are 


dE E, 

dy 


2 cos©, 


dE E 

_T d . JW 4a 2i 

dy " 2 oosO. 


(M-5) 


where . 2)r , ia the optical wavelength in air, and 
K a . o 

'^o 

An(z) a An exp j ^ z 

— 3 E 

An a -rig r^g ®»z 


(4-6) 


where n is the extraordinary refractive index of the LiTiNbO- waveguide 
(n a 2.234),r-o ia the appropriate dielectric tensor component 

a djQ g 

a 30 X 10 cm/V) and z,e is the external electrical field. 

The solutions of the coupled wave equations, (Equations 4-5) using 
the boundary conditions that E^^^ s i for y a o and E^ a 0 for y = 0, are 


Ei(y) * cos (k |a ^3^) 


E^(y) a sin (k^ --J^) 


(4-7) 
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whan 


u ^ W _ IT 

^ 2 OO80J^ ® 2 


(4-8) 


whera w is th« width of the phaae gratingt It follows that the length of the 
propagation path of the waves through the gratingt for highest diffraction 
effioienoy, frob Equations 4-6 and 4-8 is 


w 

oosOji^ 


e 33 Zt^ 


(4-9) 


For the eleotro-optio Bragg diffraction switch in the optical 
waveguide, neither the external eleotrioal field E nor the optical fields 
E^ and E^t are constant over the depth of the waveguide (x-direotion). 
Beoause of this transverse dependence, the argunent of the oosine and sine 
functions in Equations 4-7 nust be multiplied with the overlap integral F. 
Equations 4-8 and 4-9 then become 


k Sn w F r 

2 oosOj^ "2 

(4-8a) 

W a ^0 

^ ”e *^33 ^z,e 

(4-9a) 

OVERLAP INTEQRAL 


The overlap integral is given by 


P yv(x) I U<x) | dx 

(4-10) 


where v(x) and U(x) are the transverse variations of the eleotrioal field 
E, « and of the optical field in the LiTiNbO. waveguide. The overlap 
integral can vary from 0 to 1; it is strongly dependent on v(x), since it 
becomes 1 for v(x) X 1. 
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1|.3 ELECTRICAL FIELD DISTRIBUTION 


For the periodic interdigital electrode structure of the Bragg 
diffraotidn switch shown in Figure the fundamental Fourier component of 
the tangential eleotrioal field <ln-plane oomponent)^^\ is 

^z,e = Bj^(b) ^ exp(^) oos (^) (4-11) 

where V is the voltage applied to the electrodes, S is the oenter-to-center 
spacing between electrodes, S = ■^, bS is the width of one electrode and aj^(b) 

is the amplitude of the fundamental space hannonlo of the tangential elect rio 
field* The tangential eleotrioal field in Equation 4-11 is directly 
proportional to the applied voltage and inversely proportional to the 
electrode spaoing* The tangential eleotrio field is given by a cosine 
function with its maximum centered between electrodes* The tangential 
eleotrio field decays exponentially from the electrodes into the waveguide and 

TT 

the substrate, with a decay constant 

Typical values for the field decay are 



As 

A s 8 y 


IT 

w 




X 

e 

e 

0*1 u 

0*85 

0*92 

0*25 y 

0*67 

0*82 

0*5 W 

0*456 

0*67 

0*50 VI 

0*405 

0*64 

0*75 y 

0*31 

0*55 

1*0 y 

0*21 

0*46 

1*25 V* 

0*145 

0*37 

1.5 y 

0*095 

0*31 

1.75 y 

0*064 

0*25 

2*0 y 

0*044 

0*21 
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The amplitudes lowest order space harmonics of the 

tangential electrical field are shown in Figure 4-3 as a function of b, which 
is the ratio of the electrode width to the electrode spacing. The amplitude 
of the fundamental space harmonic a^(b) Increases slowly as the electrodes 
become wider. Equal dimensions of the electrode width and the intereleotrode 
gap, where b s 0.5, should yield good performance. The amplitude a^(b) 
shown in Figure 4-3, for b = 0.5 is aj^(b) z 1*7 and close tP its largest 
value faxC^^max ~ ^ j * amplitudes of the third and seventh space 
harmonics are zero. 

4.4 OPTICAL FIELD DISTRIBUTION 

In the LiTiNbO^ waveguide, the width of the optical mode is determined 
by the refractive index profile introduced by the diffusion of titanium into 
the LiNbOg substrate. The titanium diffusion produces a Composition 
gradient, where the Ti to Nb count ratio decreases towards the interior of the 
LiNbOg substrate. The concentration profile versus the depth below the 
substrate surface where x s 0, approaches a Gaussian function for a diffusion 
time which is long compared to the time required for the titanium to 
completely enter the LiNbO^ crystal. The diffusion shape f(x,D) is given by 

2 

X 

f(x,D) = exp " 2 (4-12) 

g u 

where D is the diffusion depth. For short diffusion times, when the titanium 
is not completely diffused into the LiNbO^ substrate, the diffusion shape 
follows a complementary error function 

f(x,D)^ = erfc(|) (4-13) 
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The trensvepse variation of the refreotlve Index in the optical weveguidei ^ 
foraed by tltenlua diffusion into LiNbO^i is given by 

n(x) = n. An f(x,D) (4-14) 

b 


where n|^ is the refractive index of the LlNbO^ substrate » and An is the 
index change due to the titanium diffusion at the waveguide surface^ where 
X = 0. 


( 2 ) 

W* K. Burns and G* B< Hooker have oomputed the amplitude 
distribution of the fundamental mode in a planar diffused waveguide as a 

function of the normalized diffusion depth The oomputed smplltude 

distribution is shown in Figure 4-4 for V a 3,55 i where 





» 


n is the refractive index at the waveguide surface; it is 
s 


(4-15) 


n = n. An. 
s b 

Also displayed in Figure 4-4, is the approximation of the oomputed 
amplitude distribution by a Gaussian fuiiictlon. 


From the oomputed values in Figure %-4, we can calculate the width of 
the fundamental mode* and the transverse variation of the optical field U(x) 
in Equation 4-10 for a typical LiTlNbO^ waveguide, where n^ = 2,203 and 
n = 0.04 ((Section 7). For these values, we compute the diffusion depth D 
from Equation 4-15 to D = 0.85 micron and the Gaussian fullwidth of the 
fundamental waveguide mode to 1.15 microns* The Gaussian fullwidth (2w^) 
was also derived for the other two values in the insert* It is 


V 

D 


3*00 

0*72 micron 

1*15 microns 

3*55 

0*85 micron 

1*15 microns 

4*3 

1*03 microns 

1*17 microns 
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Figure M-H. The Field Amplitude in Depth fo|} a Planar Diffused Waveguide 
with V s 3.55 is Shown as a Flin’ction of the Normalized 
Diffusion Depth x/D 
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Though V in Equation 4-15 and the diffuaion depth are different, the 
Gauaaian width ^^jaeems to remain fairly conatant. 

The overlap integral in Equation 4-10 cannot be aolved in closed 
form. We can observe from Figure 4-5 and from Section 4.3 that at the peak of 
the optical waveguide mode at x « 0.5 micron, the relative amplitude of the 
applied electric field has decreased to 0.45 for A = 4 microns, and to 0.67 
for A = 8 microns. For the overlap integral, estimate would yield F = 0.5 
for A = 4 microns and P s 0.7 for A = 8 microna. Then, from Equations 4-9a 
and 4-11, the relation between the width of the phase grating w and the 
applied voltage V is 




W s <3OS0j^ 


A 


S 

o 


"e^ '■33 


w = 


B 

V 


(4-16) 


From Equation 4-16, we compute the width of the diffraction grating 
as a function of external voltage for maximum efficiency; it is 



A = 

4y 

A = 

8y 


Aq = 0.6328m 

X= 0.83a» 

X= 0.6328m 

X = 0.83m 

B 

0.454cmV 

0.595cmV 

0.64 8cmV 

0. 85cmV 

w for 5 volt 

0.908mm 

1.19mm 

1 . 3mm 

1 . 7mni 

w for 10 volt 

0.45mm 

0.595mm 

0. 648mm 

0.85mm 
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Figure 4-5. Relation Between the Bea«width of the Incident Bea«, the 
Width of the Phase Grating and the Beanwidth (in the near-field) of 
the Diffracted Bean. Also Shown is the Hear-field 
Anplitude Distribution. 
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4.5 HIDTH OF DIFFRACTED BEAM 

The width of the phase grating also affects the beanwidth and the 
anplltude distribution of the diffracted bean. As the incident beam 
propagates through the phase grating, the number of periodic reflections which 
build up the diffracted beam varies over its cross section* This is because 
fewer reflections contribute to the outer rays of the diffracted bean than to 
its center, as shown schematically in Figure 4-5. 

As the outer ray 6^ propagates through the phase grating and is 
periodically reflected, progressively more reflected rays are added in phase 
to the reflection from ray 6^^. These reflections form part of the 
diffracted beam with linearly increasing amplitude and a spatial dimension of 
2wsin6, (assuming that the amplitude of the incident beam is uniform over its 
dross-section BW/). 

Over the center part of the diffracted beam from 2wsin to BW^, the 
number of periodic reflections remains constant. Thus, the amplitude of the 
diffracted beam is constant over a width of BWj^ - 2wslnGi 

The amplitude of the diffracted beam finally decreases linearly over 
the symmetrical cross-section 2wsin6. As the outer ray (Rj^) propagates 
through the phase grating and is periodically reflected, progressively less 
reflected rays are added in phase to the reflections from ray R^. The 
reflections form part of the diffracted beam with linearly decreasing 
amplitude and a cross-section 2wsin6. 

Figure 4-5 shows schematically the formation of the diffracted beam 
together with its near-field amplitude distribution. We observe that a laser 
beam with uniform amplitude distribution, when propagating through a phase 
grating, is diffracted into a beam with symmetrical and partially tapered 
amplitude distribution. Also, the width of the diffracted beam, BW^, in the 
near-field, is Increased over that of the Incident beam BW^. 

BWj = BW^ + 2wsin0^ 
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(4-17) 


Generally t the increase in width of the diffracted beam (in the 
near-field), which is introduced by the finite width of the phase gratingi is 
small* This is because the Bragg angle 0^ in Equation 4-17 is a very small 
angle* Also, the tapered amplitude distribution should result in reduced 
coupling between adjacent diffracted laser beams; and, in the far-field| the 
sidelobes of a beam with tapered near-field distribution are lower than the 
sidelobes of a beam with uniform near-field distribution* 

The beam transformation through the 2X2 switching matrix is in the 
near-field, since the laser beam is focused into the planar waveguide of the 

switching matrix by a long-focal-length lens* (Section 9)* Thus, Equation 
4-17 is valid and the requirement that the width of the diffracted beam in the 
near-field should be similar to the width of the incident beam, limits the 
Width w of the phase grating. 

Consideration must be given that the incident laser beam has Gaussian 
rather than uniform amplitude distribution. The Gaussian distribution can be 
synthesized by multiplying the uniform spatial distribution of the incident 
wave with a Gaussian spatial distribution. Because of the similarity of the 
diffracted beam in the near-field, for 2wsin0j|^«BWj^, to the incident beam, 
we can assume that the spatial near-field distribution of the diffracted beam, 
shown in Figure 4-5 can also be multiplied with a Gaussian spatial 
distribution. For a Gaussian incident beam, the increase and decrease in 
amplitude over the outer sections (2wsin6^) of the diffracted beam will 
change from a linear slope to a slope which can be approximated by the product 
of a linear and a Gaussian function. Because of the gradual build-up and 
decay of a Gaussian function, we can conclude that the increase in the 
near-field width of the diffracted beam in Equation 4-17 becomes less 
effective when weighted with a Gaussian spatial distribution. 

4.6 PERIODIC ELECTRODES 

In the switching array, using Bragg diffraction switches, the minimum 
width of the periodic electrodes is determined by the requirement to diffract 
the incident wave into a single beam (Equation 4-1). An upper limit to the 


width is set by the requirement that the diffracted beam should not be 
appreciably wider than the Incident beam. (The relation between the beamwidth 
of the diffracted beam and the width of the periodic electrodes is given in 
Equation 4-17) • To meet both requirementSt the width of the periodic 
electrodes will be made w a 0.55 mm. For a periodicity of the induced phase 
grating of A s 8 microns, and an optical wavelength of 0.6238 micron, the 
Bragg diffraction switch with a width of 0.58 mm will reach its maximum 
efficiency at an external voltage of 12 volts (Equation 4-9). The Gaussian 
full-width of the diffracted beam will be approximately 0.120 mm, when the 
Gaussian fullwldth of the incident beam is 0.100 mm. For an optical 
wavelength of 0.83 micron, the maximum efficiency will be reached at 15 volts, 
and the Gaussian beamwidth of the diffracted beam will be approximately 
0.125 mm. 


The periodicity of induced phase grating in the first model of the 
integrated switching matrix to be built will be 8 microns, rather than 4 
microns in an optimized larger switching matrix. The larger periodicity will 
facilitate the effort at the initial stage of the development program. The 
width of the electrodes and of the interelectrode gaps are both 2 microns. 

In the Bragg diffraction switches, the periodicity A of the induced 
phase grating is determined by the center-to-center spacing of the 
Interdigltal electrodes. It can be anticipated that this dimension, which is 
determined primarily by the precision in fabricating the photomask, can be 
held with great accuracy. Thus, the Bragg diffraction angle which is 
inversely proportional to the periodicity A (Equation 4-2) should hardly 
fluctuate. However, the width of the electrodes can be subjected to 
statistical variations, since the width of the electrodes is not only 
determined by the photomask, but also by the photollthographlcal process. A 
variation in the width of the electrodes will affect the amplitude of the 
electric field, which is a slowly varying function of the width of the 
electrodes (Figure 4-3). A statistical variation of the electrode width can 
result in a statistical amplitude modulation, which should not seriously 
affect the digital information on the optical wave. 
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The number of electrodes In the periodic structure must be 
suffiolently large to intercept the incident laser beam to a fullwidth of 
(Mq is the Gaussian halfwldth of the laser beam) where the beam 
intensity has decayed to about 0.0003 the intensity at the beam center. The 
periodic electrodes should not be larger , because that would adversely affect 
the propagation of the optical beams in the adjacent communication channels. 

To subtend the incident laser beam with a Gaussian fullwidth of 
2w^ s 100 microns, the Interdigltal electrode structure must have at least 
26 electrode pairs. This electrode structure will not affect the propagation 
of the laser beams in the adjacent channels. However^ great precision in 
aligning the incident laser beam with the Bragg diffraction switch will be 
necessary. To somewhat ease the precision alignment requirement, the first 
model of the Bragg diffraction switch will be designed and fabricated with 28 
electrode pairs to yield an induced phase grating with a length of 
approximately 220 microns. The design of the periodic electrodes is shown in 
Figure 3-4. 

4.7 WAVELENGTH DEPENDENCE 

The switching matrix with the Bragg diffraction switches is a 
narrowband device. A change in the optical wavelength (from the design 
wavelength) will result in a change of the direction of the diffracted beam; 
also, the finite linewidth of the laser radiation can cause a widening of the 
diffracted beam. The wavelength dependence of the Bragg diffraction switches 
follows from Equation 4-2. Since the Bragg angle is small, its change is 
directly proportional to the change in optical wavelength. 

In the HeNe laser, the radiative transition takes place between 
sharply defined energy levels, resulting in narrow resonance linewidth. A 

O 

typical value of the atomic linewidth is O.OIA. Within this linewidth, up to 

five longitudinal modes with much narrower linewidths can build up. Because 
Of the transition between sharply defined energy levels, the wavelength in the 
HeNe laser is stable and the atomic linewidth Is too narrow to widen the 
diffracted laser beam. The HeNe laser is well suited as the laser source for 
the switching matrix using Bragg ('effraction switches. 
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In the semiconductor laser, the radiative recombination emission 
occurs between broad energy bands; those are the conduction and the valence 
band. In the AlGaAs laser, because the energy bands are broad, the atomic 

O 

linewidth is several Angstrom wide. The channeled-substrate-planar structure 
(o> 

laser which radiates in a single transverse mode, also has only a single 

longitudinal mode. This longitudinal mode at high injection current is only 
—3® 

10 A wide. Though this mode is very narrow, its center wavelength is not 
locked to a definite wavelength within the much wider atomic linewidth of the 
laser. The wavelength range taken up by the atomic linewidth is strongly 
dependent on the A1 content in the active region of the AlGaAs laser. Also, 
the atomic linewidth shifts with temperature to longer wavelengths. 

No information is available at the present time on the wavelength 
stability of the AlGaAs lasers radiating in a si>:tfle longitudinal mode. Also, 
no information is available at the present time on the reproducibility of the 
center wavelength of the single longitudinal mode of different AlGaAs lasers, 
even when they are cleaved from the same wafer. However, we will obtain these 
spectral properties at an early date from the manufacturers of the single 
longitudinal mode AlGaAs lasers. 

In the switching matrix, the diffracted beam will not be widened as 
long as an AlGaAs laser is used with a single longitudinal mode which is only 

10”^A wide. However, an AlGaAs laser which radiates in a multitude of 

longitudinal modes will widen the diffracted beam and inorease the crosstalk. 

This is because the spacings between longitudinal modes in semiconductor laser 

0 

with the Fabry-Perot cavity of approximately 350 microns length, is up to 3A. 
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SECTION 5 

ELECTRO-OPTIC BRAQQ DIFFRACTION SNITCH 


5.1 IMPLEMENTATION AND TEST RESULTS 

An elaotn'o-optio Bragg diffraotion switch on a Ti diffusad BlNbO^ 
wavaguida has haan fabrioatad at Microwave Associates. The design of the 
periodia alaotrodes of the switch is shown in Figure 3-4. The periodicity of 
the eleotrodea is A « 8 miQiH)nai the width of fingers and the spaoinga 
in-between are 2 microns. Figure 5-1 shows a corrected photograph of the 
magnified electrodes; it demonstrates the high precision of the 
photollthographio process which was used to form the electrodes. 


The electro-optic Bragg diffraction switch has been tested* The teat 
I'eaults are summarised in the following: maximum switching efficiency was 

cbtained at an applied voltage of 11.8 volts* This compares well with the 
computed voltage of 12 volts (Section 4.6). The maximum switching efficiency 
is 75 percent. 


The meaaured intensity distribution of the defleotad light beam is shown 
in Figure 5-2 together with the computed Gaussian intensity distribution 


(which is given by exp |^-2 (~) j ) for w * 1.35 mm. It can bo soon that the 
defleotod light beam has Gaussian intensity distribution. For comparison » 
measurements were made of the intensity distribution of the laser beam which 
had propagated through the LiTiNbo^ waveguide. The meaaured intensity 
distribution for propagation through two different areas of the waveguide is 
shown in Figures 5-3 and 5-4. The intensity distribution is Gaussian with 
Gaussian widths of 1.05 mm and 1.10 mm. Furthermore, the intensity 
diatri.bution of the laser boom, which has propagated below the switch, was 
measured. The intonaity distribution is shown in Figure 5-5. The 
distribution is Gaussian. The Gauasian width is 1.0 mm. From this result we 
can conclude that the laser beam in the planar waveguide is not affected by 
the periodic electrodes (no voltage applied). This is an important result 
since it alleviates the requirement of a SiOg buffer layer on top of the 
LiTiNbOg waveguide* 
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Figure 5-2* Intensity Distribution of Laser Beam Deflected by 

Bragg Diffraction Switch 
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Figure 5-3* Intensity Distribution of Laser Beam Propagating 
Through LiTiNbO, Waveguide 
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Figure 5-^* Intensity Distribution of Laser Beam Propagating 
Through LiTiNbO^ Waveguide 
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Figure 5-5* Intensity Distrigution of Laser /|3eara Propagating 
Below Bragg Diffraction Switch 



Finally, the decrease In deflected laser beam Intensity was measured 
when the incident laser beam propagated off the center of the electro-optic 
Bragg diffraction switch. The result is shown in Figure 5-6. The Intensity 
of the deflected laser beam decreases to about half its value when the center 
of the incident laser beam is displaced by 0.09 mm along the z-axia from the 
center of the periodic electrode structure. (The electrode structure shown in 
Figure 4-3, is 0.22 mm wide along the z-axis). The intensity distribution of 
the deflected light beam, when the center of the incident light beam is 
displaced along the z-axls from the center of the periodic electrode 
structure, is shown in Figure 5-7» The deflected laser beam has become 
considerably wider resulting from truncation by the off-center propagation. 

A comparison of the intensity distribution is shown in Figure 5-2 
with those in Figures 5-3 i 5-4, and 5-5 shows that the deflected beam has 
become wider by a factor of close to 1.25. This widening of the deflected 
beam finds its explanation in the theory of Bragg diffraction. Only where the 
incident laser beam is a plane wave, and the periodic electrode structure is 
infinitely wide along the y-axis, can the Bragg diffraction condition, derived 
for acoustic waves, be exactly fulfilled (Figure 5-8a). This condition 
requires that the sum of the wave vectors of the optical wave iT and the 
acoustic wave vector it is equal to the wave vector of the deflected wave 
itg. It is 

-f. 

k + K = kg (5-1) 

Eq. 5-1 is equally valid for the electro-optic Bragg diffraction switch. When 
the Bragg diffraction switch is of finite width in the y direction, the 
direction of it is no longer perfectly defined. The width of the diffracted 
beam then becomes determined by the relation between the diffraction angle 
of the optical beam, and the width of the periodic electric field along the y- 
axis. 

Figure 5-8b Illustrates the case whenj«»j 4 > , where 2itf s - and 

w 

» Ais the periodicity of the electrodes, w is the width of the 
electrodes, w Is the width of the electrode structure along the y-axis, x is 
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Figure 5-7. Intensity Distribution of Laser Beam Deflected by 
Bragg Diffraction Switch Beam Displaced from Center of Switch by 

0.09 nn Along Z-Axis 
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Figure 5-8a. Momentum scattering for plane, monochromatic optical 

and acoustic waves. If the direction of k or K is changed, thereby 
changing the angle of Incidence denoted 0 , the vector sum tc ^ K 
no longer falls on the circle and no scattering can occur, 
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Figure 59b and 59c 

Scattering with Phase Grating and Light Beams of Finite 
Width. The Diffraction Angle of the Light lo and that 
of the Phase Gratin'* io he • There 
are Two Possible Configuration: 

(b) de » d<t> or (c) 8<t»> 8 6 
For (a) the Scattered Light Beam had a Diffraction Angle 
6<l>, for (b) the Diffraction Angle 1s 8B. 
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the optical wavelength, and 2w^ is the Gaussian width of the incident 
optical beam at the beamwalst. For 6$»s^ shown in Figure 5-8b, the 
diffraction angle of the deflected beam is the same as the diffraction angle 
of the incident beam. For S^»S$ f shown in Figure 5-8c, the diffraction angle 
of the deflected beam is equal to 

For the electro-optic Bragg diffraction switch shown in Figure 

3-4» A s 8 microns, w = 0.55 mm, \ = 0.6328 micron and w s 105 microns, 

-2 -2 ° 
then S$ - 0.7 x 10 radian and = 0.2 x 10 radian. Thus, the 

diffraction angles of the Incident laser beam and of the periodic electric 

field are of the same magnitude. An explanation for the measured Increase in 

_2 

diffraction angle of the deflected oaam to 0.25 x 10 radian can be found 
in the interaction between the Incident laser beam and the periodic electric 
field of finite width. 





SECTION 6 

EVALUATION OF MINIMUM SEPARATION BETWEEN ADJACENT CHANNELS 
TO REDUCE COUPLING TO LESS THAN 50 dB 

The smallest separation between adjacent laser beams forming the 
Input and output lines of the switching matrix shown In Figures S-l and 
la restricted by the requirement to minimize coupling between light beams In 
the planar optical waveguide. 

6.1 TRAVELING WAVE INTERACTION 

To evaluate the rainimura separation between laser beams, a study was 
performed to determine whether traveling wave interaction is possible between 
the parallel laser beams in the planar optical waveguide of the switching 
matrix. In this study, the phenomena of traveling wave interaction is 
described and it is shown that, because of the homogeneity of the planar 
optical waveguide, traveling wave interaction between the parallel laser beams 
cannot occur. 

Traveling wave interaction can occur between electromagnetic waves. 

At optical wavelengths, traveling wave interaction has been observed in 
parallel channel optical waveguides. These channel optical waveguides are 
similar to the planar optical waveguides of the switching matrix, with the 
exception that the optical field is not only confined in the x-direction, but 
also in the z-direotion, as shown in Figure 6-1. The confinement is 
accomplished by the higher refractive index of the channel waveguide, not only 
in the x-direotion, but also in the z-direction. Coupling between parallel 
channel waveguides requires that they are sufficiently closely spaced so that 
energy can be transferred from one to another. For traveling wave 
interaction, the coupling must be cumulative over a substantial length of the 
waveguide; this requires that the phase velocities of light in the two 
parallel waveguides be the same. The fraction of the power coupled per unit 
length is determined by the overlap of the modes in the separate channel 
waveguides. The directional coupler of the "Cobra” switch (Final Report of 
NASA contract NAS5-24449, 


I 
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Figure 6-1: (a) Sketch of two adjacent rectangular waveguldea 
propagating modes. 

(b) definition of the dielectric discontinuity 

A€j(xyz). 
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Appendix A) uses traveling wave interaction between channel optical 
waveguides. 

Traveling wave Interaction has also been observed between collimated 
optical beams in planar optical waveguides. This interaction requires the 
presence of a distributed perturbation in the form of a periodic refractive 
index variation^ set up by a periodic electric field or sound wave or in form 
of a surface corrugation. In the electro-optic Bragg diffraction switch in 
the planar wav;sguide (Section 4) the incident collimated laser be£un ccuples 
energy to the diffracted laser beam by traveling wave interaction. The 
distributed perturbation is introduced by the periodic electric field which 
changes periodically the refractive index of the electro -optical LiTiNbO^ 
waveguide. 


In the switching matrix in the spaces between the switches, there is 
neither a periodic electric fiel', nor a sound wave nor a surface 
corrugation. Therefore, the laser beams in the switching matrix which 
propagate from switch to switch can not be coupled by this type of distributed 
perturbation. 

However, the question arises whether the mechanism which sets up 
traveling wave interaction in channel optical waveguides might not also be 
effective in coupling the parallel laser beams in the planar waveguide of the 
switching matrix. It seems necessary, therefore, to investigate the phenomena 
which is effective in coupling two channel optical waveguides. The geometry 
of the two parallel optical waveguides is shown schematically in Figure 6-1. 
Guide 0 in the absence of guide 1 supports the fundamental mode with a 
transverse field distribution given by Gq(z,x). The field distribution of 
the fundamental channel waveguide mode Gq(z,x) is shown in Figure 6-2. This 
mode, in spite of having long tails into the substrate in the z and x 
directions, suffers no loss, (assuming that the optical waveguide and the 
substrate are lossless) an^« propagates with constant power. When guide 1 is 
introduced, the tail of the mode Gq(z,x) in guide 0 will penetrate into 
guide 1. 
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Beoauao the refractive index of the guidea (ng) is larger than refractive 
index of the aubatrate (n^), an additional electric polariaation ia 
generated in the mode Qq(*,x) . Thia perturbation in the polarization 

of tho node Gq(z,x) drlvea the node in guide 1. 

The macroscopic oleotrio polarization of a dielectric is the sum of 
the mioroaoopio dlpol moments induced by an applied electric field. For 
alnusoidally varying electromagnetic field quantities, the electric field E(w) 
and the eXeotrio diaplaoement D(o)) are related by 

0(w) = ^qE(w) + P(w) (6-1) 

Where ia the dielectric constant in free space and P(w) is the 

u ^ 

macroscopic electric polarization. In a linear medium, the polarization P(w) 
is linearly related to the electric field E(w) in the form 

P(w) = .v(w)cqE(o») (6-a) 

where xC^) is the eleotrio susceptibility of the linear medium. The 
relationship between D(w) and ?(«) then becomes 

b(w) s 4 x(w)j E(w) = c(«)E(w) (6-3) 

where t(a>) is the dieleotrio constant of the dielectric. 

To vary the polarization, power must be spent. The power per unit 
volume ^ expended by an eleotrio field to vary the electric polarization is 



(6-i|) 


where the horizontal bar denotes averaging over a time interval long compared 
to Convaraely, power per unit volume ia generated by a perturbation of 
the eleotrio polarization. Thus, the perturbation of the polarization of the 
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■ode in guide 0 (introduced by the higher refractive index of guide 1) 
will generate power in guide 1. That is 

dP ^ dP (x,y,z,w) 

-ji = -E^(x,y,z,») -12^^ (6-5) 

The perturbation in the electric polarization PQ^Q(x,y,z, ) can be 
approximated by multiplying the electric field of guide 0 by the disturbance 
of the dielectric constant caused by the introduction of guide 1. 

?j^Q(x,y,z,w) s Aej^(x,y,z,a>) i'p(x,y,z,u) (6-6) 

Over the cross section of guide 1, Ae(x,y,Z|<D) has a constant value, 

^®1 ~ ^2 ” “ " 3 ^^ (6-7) 

and is zero everywhere else, as shown in Figure 6-1. The electric field in 
the guides is given by 


E(x,y,z,«) = A(y)G^(z,y)eJ''’^ (6-8) 

where A(y) is the complex amplitude of the propagating mode which includes the 
phase term From Equations 6-5, 6-6, and 6-8, the growth of the 

optical power carried by the mode in guide 1 becomes 

s -Aj^(y)G^(z,x)e'^“*^Aeij"AQ(y)GQ(z,x)e^“^ (6-9) 

The growth of the optical power in guide 1 in Equation 6-9 is proportional to 
the additional polarization introduced by the disturbance of the mode in guide 
0. This disturbance is introduced by the extension of the mode Gq(z,x) in 
guide 0 into the region of higher refractive index of guide 1. This phenomena 
which causes the traveling wave interaction in channel optical waveguides 
cannot occur in the planar waveguide of the switching matrix. This is because 
the refractive index of the LiTiNbO^ waveguide is uniform over the cross 
section of the planar waveguide (in the y-z plane). The Important result of 
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this investigation is that traveling wave interaction cannot occur between the 
parallel laser beams in the spaces between the switches in the switching 
matrix shown in Figures 3-1 and 3-5. 

6.2 EFFECT OF OPTICAL COMPONENTS AT THE OUTPUT PORTS ON CROSSTALK 

Since traveling wave interaction does not take place between the 
parallel laser beams in the planar waveguide of the switching matriXi coupling 
between light beams is determined by the optical components at the output 
ports of the switching matrix, shown in Figure 6>3. Specifically, the 
coupling is determined by the beam transformation through lens 3» by the cross 
talk reduction in the spatial filter and by the "receiving cross-section" of 
the optical fibers 

The beam transformation of a laser beam through an ideal lens leaves 
the transverse field distribution of the laser beam unchanged; an incoming 
fundamental Gaussian beam will emerge from the lens as a fundamental beam. 

The lens changes only the radius of the phasefront curvature R and the beam 
radius w. 

The transformation of a laser beam through an ideal lens with the 
focal length f, to a distance d behind the lens can be derived from the ray 
transfer matrix. It is 



where and z^ are the distances of a paraxial ray from the optical axis 
and z^ and are the slopes of the paraxial rays with respect to the 
optical axis. For a light beam incident along the optical axis of the lens 
z = z^ = 0 and from Equation 6-10, Zg = Zg = 0. For a light beam 
which propagates parallel to the optical axis of the lens but offset by the 
distance s, z^ s s and s 0. For the transformed beam from 

d • s 

Equation 6-10. Zg = (1 - j) and Zg s - - . Furthermore, when d r f, z g= 0 
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Figure 6-3. Crosstalk Reduction 



•nd Zg s The transfomed been which hed been parallel bo bub offseb from 
bhe opbioal axlsi crosses bhe opblcal axis of bhe lens in bhe focal planet 
where d s f. lbs slope la Z2 ^ ^ • Ab a dlsbanoe d^f , bhe bean Is displaced 

H t • 

from bhe opblcal axis by -(I - |r)« lbs slope remains ^2 ~ “ f* shown In 
Figure 6-4. 

The bransfortnabion of bwo ad jaoenb lighb beams from bhe swlbohlng 
mabrix bhrough an ideal lens can be evaluabed using bhe ray bransfer mabrix in 
Equabion 6-10. In Figure 6-6, bhe bransfomablon of bhe bwo oollimabed 
fundamenbal Gaussian beams bhrough an ideal lens is shown. One beam 
propagabes along bho opbioal axis of bhe lens; bhe oenber of bhe second beam 
which is parallel bo bhe flrsb, is ab a dlsbanoe of four bimes bhe Gaussian 
beam radius. The shaded seobions correspond bo bhe Gaussian beam diameber of 
bhe lighb beams, where mosb of bhe opbioal energy is oonoenbrabed. The 
bransformed beams are focused in bhe focal plane of bhe lens, where bhe bwo 
beams Inberfer. From bhe fooal plane, bhe bwo beams separabe and expand. 

The opbioal fibers ab bhe oubpub porbs of bhe swibohing mabrix 
inberoepb bhe expanding lighb beams. To minimize orossbalk, bhe cross 
seobions of bhe fibers should nob exceed bhe diameber of bhe Gaussian widbh of 
bhe lighb beams. Since mosb of bhe opbioal energy is qonoenbrabed wibhln bhe 
Gaussian widbh of bhe lighb beams, bhe small diameber of bhe fibers should 
have bhe effeob of reducing crossbalk (by nob inbt. oepbing lighb from the 
regions where bhe beams overlap) wibhoub subsbanbial loss in bransfer 
effioienoy. 

To minimize crossbalk, bhe "receiving cross seobion" of bhe opbioal 
fibers, that is their directivity, should be high. This requires that the 
optical fibers only transfer light which is incident over a small angle 
range. The numerical aperture (HA) of fiber defines this angle range. The 
numerical aperture of a step index fiber is 

NA s sine s (n^^ - (6-11) 
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Figure 6-4. Transformatlch Through a Lens 



Figure 6-5. Trsnsfonnation of Two Light Beaas Through Lens 








where and are the refractive indices of the core and the cladding > 
respectively. The smallest numerical aperture for a single mode fiber was 
reported to NA s O.O 67 , or 0 s 4*. For a single mode fiber, the core diameter 
2a is related to the NA by 


2.»» s ^ a NA; (6-12) 

for X s 0.6328 micron, 2a ^ 7 microns. 

Optical step-index fibers with 7 microns diameter, however, cannot be 
used at the output ports of the switching matrix. This is because the 
Gaussian beam diameter of the laser beams in the focal plane of the lens is 6 
microns (Figure 6-3). Since the optical fibers must be placed outside the 
focal plane where the beams have separated and expanded, the core diameter of 
the optical fiber must be larger than 7 microns. The optical fibers at the 
output ports of the switching matrix, therefore, can only be multi-mode fibers 
with small NA or graded-index fibers. It follows that a correct design and 
alignment of the optical fibers at the output ports of the switching matrix 
will reduce the coherent interaction between adjacent laser beams. 

The spatial filter in the focal plane of the lens 3 (Figure 6-5) does 
not reduce the coherent interaction. The spatial filter discriminates against 
scattered radiation set up by statistically distributed inhomogeneltles in the 
planar waveguide, as outlined. 

In summary, crosstalk between adjacent channels cannot occur by 
traveling wave Interaction. Crosstalk be coherent interaction is reduced by 
the optical fibers at the output ports; cross talk by Incoherent Interaction 
is reduced by the spatial filters. The spacing of four times the Gaussian 
beam radius between the parallel light beams in the switching matrix seems 
conservative to accomplish a crosstalk reduction of 50 db. This design 
approach, however, must be confirmed by actual measurements of scattering in 
the planar waveguide. It also requires an examination of the transform 
properties of lens 3> since the crosstalk reduction outlined above requires 
that lens 3 be diffraction limited. 
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SECTION 7 

COUPLING PRISM AND SUBSTRATE 
7.1 DESIGN OF PRISM COUPLER 


The function of the prism coupler is to transfer the collimated laser 
beam, propagating in free space, to a dielectric waveguide mode in the planar 
optical waveguide, formed by Ti -diffusion in a LiNbO^ substrate. The 
prism coupler can also perform the reciprocal operation. Figure 7-1 shows 
schematically the transfer of the laser beam from air through the prism to the 
optical waveguide, in the direction where the wave is guided by the planar 
dielectric waveguide. In reference to the orientation of the electro-optic 
Bragg diffraction switches on the LiNbO^ substrate, the beam transforaation 
in Figure 7-1 is in the x-y plane. The coupling prism should not affect the 
beam shape in the z-direetion. 


The principle of the prism coupler is based on traveling wave 
coupling through the evanescent field from the prism to the optical 
waveguide. In the coupler, the prism is placed above the optical waveguide 
and is separated by a small gap of air, which is of the magnitude of a 
half-wavelength. The incident laser beam is totally reflected at the base of 
the prism, and the waves in the prism and in the waveguide are coupled through 
the evanescent field. For traveling wave interaction over the entire width of 
the laser beam at the base of the ,sm, the components of the wave vectors 
parallel to the gap must be equal for the wave in the prism and the wave in 
the optical waveguide. This requires that 


kjSinej . 

U 1 " 2r 

where k~ = r "o = TTIo 

3 c 3 3 

. a 27T 


(7-1) 


Xjj is the free space wavelength, n^ is the refractive index of the 
coupling prism, /9 is the propagation constant of the optical waveguide mode 
^^o 

and n = -r— . The refractive index n in the optical waveguide is between 
8 ^ ^ 8 
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Figure 7-1. Traveling Wave Coupling from Prism to Optical Waveguide 


that of LlNbO^ substrate and that for the LlTlNbO^ waveguide* It is 

"LiNbO^"^ "g "LlTlNbOj (7-2) 

For a given diffusion depth of the Titanium in the LiNbO^ substrate, the 

refractive index n^ is different for different mode numbers in the 

x-dlreotion. The refractive index n is largest for the fundamental mode. 

For Equation 7-1 it follows that the refractive index of the prism n^ must 

always be larger than the refractive index of the waveguide mode n . 

cs 

The angle shown in Figure 7-1, specifies the orientation of the 
prism in relation to the laser beam. By proper adjustment of the angle 6^, 
the prism coupler will excite only the fundamental mode in the optical 
waveguide. 


Coupling prisms are generally made of titanium dioxyd (rutile) or 
strontium titanate; both meet the requirement that n^ ^ TiOg is a 

uniaxial crystal, SrTiO^ is a cubic crystal. The refractive indices of both 
crystals at different wavelength are summarized in Table 7-1. 

The polarization of the laser beam which’ is incident on the Bragg 
diffraction switch in the LiTiNbO^ waveguide is in the TE^^-mode, where 
the electric field vector is parallel to the optical axis. For this 
polarization, the light in the optical waveguide formed by titanium diffusion 
into the uniaxial LlNbO^ crystal, propagates as the extraordinary ray. The 
refractive index of LiNbO- for the extraordinary ray is 2.203 at the HeNe 

0 J 

wavelength of 6328A. 

Titanium diffusion into the LiNbO^ substrate increases the 
refractive index by an increment of up to An^ = 0.04. From the relation 7-2 
for the effective refractive index of the waveguide mode n , we obtain 

D 

2,203 < n < 2.243. For the evaluation of the orientation of the coupling 
prism in relation to the laser beam, we will assume that the effective 
refractive index in the LiTiNbO^ optical waveguide of 1 to 1.5 microns 
diffusion depth and for the fundamental mode is « 2.234, 
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TABLE 7-1 

REFRACTIVE INDICES OF TiOg and SrTiO^ 


TiOg 


WAVELENGTH 

!!o 

% 

5700A 

2.621 

2.919 

6900H 

2.555 

2.836 

lOlOOA 

2.484 

2.747 


SrTiOg 


WAVELENGTH 

n 


6400A 

2.3837 


85OOA 

2.3337 


89OOA 

2.3276 





The orientation of the coupling prism is shown in Figures 7^2 and 
7-3* The optical axis of the rutile prism, when mounted on the LiNbO^ 
waveguide, is parallel to the optical axis in the LlNbO^ crystal. Thus, the 
incident laser beam, which is polarized to set up the TB^Q-mode in the 
optical waveguide with the electric field vector parallel to the optical axis, 
will propagate as the extraordinary ray through the prism. The refractive of 
the extraordinary ray in rutile from Table 7-1 at Xq s 6328A, is 
n. s. 2.86. 


From these values for the refractive indices and from Equation 7-1 we 
can compute the angle 0^. It is 


sinOj = 




2.22 

2.86 



(7-3) 


In Figure 7-2 an optiaized design of the coupling prism is shown. 

The right angle has been increased to 95® for greater mechanical stability, 
the edge at the 30® angle is truncated for mounting purposes and the laser 
beam Incident on the hypotenuse is close to 90®. This design had been sent to 
Atomergic in New York for bid. The charge was $850.00 per prism; delivery was 
8 to 10 weeks. 


The design of the prism which had been ordered from Valtec in 
Massachusetts, is shown in Figure 7-3. The design was modified to confonn 
with the standard product of Valtec where the angle at the coupling edge is 
60®. This required a change of the angle of incidence to 26.5®. The price is 
$500.00 per prism; the delivery time is 8 weeks. 

7.2 INVESTIGATION OF AVAILABILITY OF SINGLE CRYSTAL LiNbO^ SUBSTRATE AS A 
FUNCTION OF SIZE, SURFACE FINISH AND COST 

Lithium Niobate is manufactured in the United States by Crystal 
Technology (CT) in Palo Alto, and by Union Carbide (UC) in San Diego. Both 
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SHARP EDGE 

b parallel to a 

optical axis parallel to edge of 55° angle 
prism depth 10mm 

surfaces should haye good optical polish 
flat to better than ^ 

Xo=C328 A 
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Figure 7-2. Truncated Coupling Prism 
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me 






C '' 

companies grow their orystals from the "congruent” melt which ensures that the 
crystal is uniform in composition, and therefore index of refraction, down its 
entire length. The use of the "congruent" melt and careful control of growth 
conditions minimizes striations and precipitates in th0 material. Therefore, 
material is selected and graded according to the extinction between cross 
polarizers. UC uses the terms "acoustic grade" and "electro-optic grade"; CT 
uses the terms "selected acoustic grade" and "electro-optic grade"* In the 
case of UC, "acoustic grade" sometimes contains discoloration and stria, while 
with CT "selected acoustic grade" contains no stria. UC grows the two grades 
under different growth conditions and uses minimal inspection, while CT grows 
using one set of growth conditions and sets the grade by the measured 
properties under more severe inspection. 

Both companies utilize a chem-mechanical polish to produce a 
damage-free and scatter-free surface. CT claims to deliver a flatness of 0.5 
to 1 fringe per inch, while UC claims flatness of 1 to 2 fringes per inch. UC 
f in improve on this by having the material polished by their specialty group 

(at a higher price). The prices and delivery for X-cut pieces, 1 mm thick, 
are as follows: 



UC (Acoustic Grade) 

CT (Select Acoustic Grade) 

SIZE 

1.5" X 2.1" 

1.5" X 1.5" 

PRICE 

$67 each 

$88 each 

DELIVERY 

3-4 weeks 

8-10 weeks 


The price* for electro-optic grade has not been given yet. 

It was pointed out that the extinction measurements are actually only 
valid on short samples, such as those used in optical modulators and the 
like. Therefore, no prediction could be made concerning the actual deviation 
of optical path there might be over a one or two inch long piece. This is 
particularly true when one considers the variations in index of refraction 
which will result from the titanium diffusion. 


* Provide in final document 
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At the present time, UC grows oiltly Z>axls crystals. This reatrlots 
the dimensions of X out wafers to 2" in the Y-axis. CT can grow crystals of 5 
to 6" in the Y-axis. They believe that Y-axis crystals could be grown up to 
15" long, but they have no plans to do so at the present time. 








SECTION 8 

LlTlNbO^ WAVEGUIDE 


WAVEGUIDES 

Six planar LiTlNbO^ waveguides have been formed by titanium 
diffusion into LiNbO^ at MA. The six waveguides have different parameters. 

The objective was to determine the optimum planar waveguide parameters for use 
for the switching matrix. To do so, three waveguides were formed on LiNbO^ 
substrates purchased from Crystal Technology and three on substrates purchased 
from Union Carbide. Also, the thickness of the titanium before diffusion was 
different and the corresponding diffusion times were varied. 

Coupling from free apace radiation to guided modes in the waveguides 
could be accomplished in all waveguides. To evaluate the properties of each 
LiTiNbOg waveguide, the synchronous angles for coupling from a TiOg prism 
into the fundamental mode (m = 0), and the first order mode (m = 1) of the 
waveguide for the extraordinary ray (y-direction of propagation) was compared 
to the synchronous angle for coupling into the fundamental substrate mode of 
the LiNbO^ wafer. Though the absolute value of the synchronous angles can 
not be evaluated precisely, their differences can be measured with great 
precision using the scale on the rotational mount which supports the prism 
holder. 

The range of the synchronous angle was measured over which energy 
could be coupled from the prism into the planar waveguide. This measurement 
Was performed at different sections of the substrate. The result is shown in 
Figures 8-1 and 8-2. The ha If -width in both cases is 0.11®, indicating that 
the waveguide mode seems to be the same at different sections of the 
substrate. 


The highest coupling efficiency which was obtained was 25 percent. 

The absolute value of the synchronous angle of the fundamental 
LiNbO^ substrate mode was computed from Equations 7-1, 7-2, 7-3, and 7-*4 in 
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Optical Waveguide as a Function of Synchronous Angle 

S 

and of Relative Propagation Constant ^of 


Zero-order Mode 
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Section 7 to g s 50.38® for the refractive index of the extraordinary ray 
in LiNbO^ of n^ B 2.203, for a thicknesa of the LiNbO^ substrate of 1 an 
and for the refractive index of the extraordinary ray in the TiOo prism of 

n^ = 2.86. The normalized propagation conatant — — s 2.203. 

To simplify the computation of the refractive index (n^) and the 
depth of the LiTiNbO^ waveguides (w) , the normalized relations shown in 
Figure 8-3 were used, rather than I’-quations 7-3 and 7-^ in Section 7« In 
Table 8-1 the properties of the three waveguides which have been computed so 
far, are sueaiarlzed. 


Table 8-1 

Waveguide Properties 





9ms0 

d msl 

01 

^sl 

k 

"1 

w 

0 









UG320A, 

t 

s 4.5 hrs. 

51.17® 

50.43® 

2.22979 

2.2046 

2.2395 

1.12 V* 

UC35OA, 

t 

= 5.0 hrs. 

51.22® 

50.445® 

2,2295 

2.205 

2.2399 

1.23 

UT320A, 

t 

=5.5 hrs. 

51.17® 

50.6® 

2.22797 

2.21 

2.235 

1.55 V 


Though the diffusion with the layer of 320 A of Titanium into the 
Union Carbide and into the Crystal Technology substrates were done 
simultaneously in the same apparatus, their properties seem to be quite 
different. So far as the efficiency of the electro-optic Bragg diffraction 
switch is concerned, the shallower waveguide in the UC material would be 
advantageous. However, the waveguides in the UC show diffraction spreading, 
which later on was identified as optical damage. 

The LiNbO^ substrates from Union Carbide have a square shape, so 
that the properties of the LiTiNbO^ waveguide could also be evaluated along 
the optical axis, that is for the ordinary ray. The refractive index of 
LiNbOj for the ordinary ray in n^^ = 2.295. The synchronous angle of the 
fundamental substrate mode for the ordinary ray in LlNbO^ ^0 s ~ 

The synchronous angle for the fundamental mode in the LiTiNbO^ 


8-4 


original ^AQI W 
OF POOR QUALfTY 


2332 

8^81 



Figure 8-3. Normalized Diagram of a Planar Slab Waveguide Showing 
the Guide Index b as a Function of the Normalized Thickness V 

of Asymmetry 
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waveguide on the substrate UC320® A is O^h-q ~ 53*765® » and the normalized 

0jg^mmQ 

propagation constant in the waveguide is s 2. 3069* No higher order 

mode can build up in the direction of the ordinary ray (z-direction) . 

Because of the single mode in the waveguide, the refractive index and 
the waveguide thickness can not be computed separately. There are sets of 
refractive Indices and waveguide thicknesses for the normalized propagation 

^in~0 

constant of the fundamental mode in the LiTiNbO^ waveguide of - 2.3069. 
The functional relation between the refractive index and the depth of LiTiNbO^ 

waveguide for = 2.3069 is given in Figure 8-4. 

In testing the newly diffused LiTiNbOo waveguides, great 
difficulties were experienced which finally could be resolved. It was found 
that the LiTiNbO^ waveguide where coupling to the fundamental mode had been 
previously observed was not oriented correctly. The long dimension of the 
substrate was along the optical axis (z-dlrection) and not along the y-axis, 
as specified. The ray which propagates along the optical axis is the ordinary 
ray and its refractive index in LiNbO^ is ng = 2.295* 

The orientation of the newly diffused substrates of Crystal 
Technology is correct, the long dimension is along the y-axis. The correct 
orientation of the newly diffused substrate of Union Carbide can be adjusted, 
since the substrate is of square shape. 
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SECTION 9 

COMPUTATION OF EXTERNAL OPTICS TO YIELD A COLLIMATED LASER BEAM 

INSIDE THE OPTICAL WAVEGUIDE OVER THE LENGTH OF THE SWITCHING 
MATRIX (IN THE Y-DIRECTION) 

In the switching m^ix to be developed under this contract, the 
transmission of the coherent light beams between switches is in planar optical 
waveguide where the waves are guided in only one dimension (x-direction) along 
the diffusion depth of the wavesulde. In the orthogonal dimension 
(z-dlrection) , the waveform of the laser beams is determined by the external 
optics. The function of the external optics is to transform the diameter of 
the input laser beam to the proper diameter, required for an optimized 
switching matrix design. Conceptually, the beam transformation can be 
performed by either a single long focal length lens or by an inverted 
telescope. In both designs, the beamwaist of the laser beam which is focused 
by the lens closest to the switching matrix must be centered on the switching 
matrix, as shown in Figure 9-1. To minimize the beam spreading, the incident 
laser beam should be collimated over '''he entire length of the switching 
matrix. This requirement determinf ’ thii numerical aperture 

NA s — of the lens, where f is the focal length of the lens and 2a is the 

diameter of the laser beam at the lens. 

When the laser beam is focused into the LiTiNbO^ waveguide, the 
rays of the Incoming laser beam are refracted at the interface between air and 
the LlTiNbO^, such that the angles between the asymptotes to the beam 

0 

contour and the beam axis becomes — inside the waveguide, where 6 is the 

respective angle in air, shown in Figure 9-1 and 9-2, and n is the refractive 
index of the LlTlNbO^ waveguide mode. The angle 0 is the far- field 
diffraction angle of the fundamental transverse mode. For Gaussian beam, the 
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Figure 9-1. Contour of Gaussian Beam Focused in the Center of 

the LiTiNbO^ Waveguide 
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Figure 9-2. Contour of Gaussian Beam 
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angle * which Is I'elated to the beam parameters, can be derived from the beam 
expansion equiation. It is 


W (y) s 

where ( = 2 

'^ro 

h - ? 


(9-1) 


[n corresponds to n in Section 73 > y (^he direction of wave propagation, 

w 2 ^ 

2w(y) is the beam diameter, 2w is the beam diameter at the beamwalst, - s — 

° ° Xo 

and Xq is the optical wavelength in air. (The beam dleuneter defines the 

width of a Gaussian beam where the amplitude of the electric field is ^ times 

2 

that on the axis). In the far-field { « 1 and the far-field diffraction 
angle 0 from Equation 9-1 is 


e 


= tan"^ = tan“^ 

y Kj_w^ 


(9-2) 


The far-field diffraction angle in air is 


©s tan 


-1 ^ o X o 

» W ~ IT w^ 

o o 


(9-3) 


and the far-field diffraction angle in the waveguide is 

n " n irw^ n»w 
o o 


(9-4) 
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The aine of the angle 6 la defined by the numerical aperture of the 
fooualng lena* It la 


Sines I (9-5) 

and for amall numerical aperture lensea, ain0s=se« From equations 9-3» 9-4, 
and 9-5 we obtain 



Xo f 
w a 


(9-6) 


Thus, the beam radius in the focal plane of the focusing lens with the 

numerical aperture ^ Is the same whether the laser beam Is focused In air or In 
the LlTlNbO^ waveguide. 


The laser beam expands from the beamwalst, where the beam expansion 
for a Gaussian beam Is given by Equation 9-1* For the design of the optics 
for the switching matrix, the assumption will be made that the beam width of 
the laser beams should not expand by more than by a factor 1.2 over the entire 
length of the switching matrix. Using this restriction. It follows from 
Equation 9-1 that the total length of the matrix 2y^^ g related to the 
beam radius at the beamwalst w^ by 

2y, p = 0.66 ^ W^^ (9-7) 

'1.2 Xq o 

Using Equation 9-6 the total length of the switching matrix as a function of 
the numerical aperture of the focusing lens. Is 


2y 


1.2 


- 2 . 

2.64 2» "V 


(9-8) 


From Equations 9-7 and 9-8, It follows that the laser beam expands slower In 
the dielectric waveguide with the refractive Index n than In air, where n=l, 
and the range over which the beamwldth Increases by a factor 1.2 Is longer In 
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■; , ,.;v t ..v. . ^ . ^.i . . , > . 


the dielectric waveguide by the refractive index n of the waveguide mode* than 
in air* 


For comparison, we derive the beam parameters, when the laser beams 
can only expand by a factor 1.1 over the entire length of the switching 
matrix. Then 


2yi.i = 0.1*58 (9-9) 

^ 1.1 - if <»-!“> 

M. Born and E. Wolf in "Principles of Optics", Section 8.8, have 
derived the beam radius at the beamwaist of a focused laser beam, for an 
incident laser beam with uniform amplitude distribution over its 

Cross-section. The beam radius w , where the field is - times that on axis, 
for uniform amplitude distribution of the incident beam is 


w 

o 


2.5 


2v a 


(9-11) 


The range where the beam width has expairded to 1. 2 times 

that at the beamwaist and where the power density has decreased to 0.7 that at 
the beamwaist, for uniform amplitude distribution of the incident beam is 


^1.2 = ■'.54 (9-12) 

We observe from Equations 9-7, 9-11 and 9-12, that the beamwaist and the range 
of beam collimation are both smaller for the Gaussian amplitude distribution 
of the laser beam than for the uniform amplitude distribution. However, the 
amplitude distribution of a laser beam perpendicular to the direction of 
propagation is always Gaussian. Uniform amplitude distribution can be 
approximated by truncating the laser beam. The uniform amplitude, however, 
can only be maintained in the near-field of the truncating aperture. 
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When a single long>fooal length lens oolllmates the laser beam inside 
the planar optical waveguide, Its focal length must be computed from Equations 
9-8 or 9-10. Should the same function be performed by an Inverted telescope, 
these equations must be modified. In any case, the lenses must be spherical 
when a coupling prism is used to convert the laser beam to a guided mode. 

The telescope is built of two lenses, where the spacing between the 
lenses is the sum of the focal lengths of the two lenses. The transformation 
of the laser beam with the beam radius a from the first lens with the 
focal length f^ to its second focal plane, from Equation 9-5 is 




a 


(9-13) 


The beam transformation by the second lens Fg with the focal length fg, 
from its first focal plane to its second focal plane, is 


w 


_ ^ 0^2 
20 ttWj^q 


(9-14) 


and from Equations 9-13 and 9-14 

£2 

'*20 ■ ® f^ * 


(9-15) 


Assuming a switching matrix of 4 cm in length and a beam diameter of 
the HeNe laser of 1 mm, than from Equation 9-8 a single lens with a focal 
length of f = 131 mm can collimate the laser beam so that it expands by no 

-4 

more than by a factor of 1.2 over the length of 4 cm, for = 0.6328 x 10 cm 

and n = 2.234. Then the beam radius at the beamwaist from Equation 9-6 is 
-4 

w = 53.2 X 10 cm. An improved design, where the collimated laser beam 
o 

only expands by a factor of 1.1 over a length of 4 cm, requires a lens with a 

focal length of 157 mm (from Equation 9-12) which yields a beam radius at the 

-4 

beamwaist of w^ = 63.2 X 10 cm. 
o 


9-7 



Using an Inverted telescope would be a lass favorable design. It 
would require for the second lens Pg to have a focal length Of at least 5 om 
so that the beamwaist at the second focal plane can be centered on the 
switching matrix of 4 cm length. To isuhtaln a bean radius at the beamwaist of 
53.2 X 10“** cm. the focal length of the first lens from Equation 9-17 
must be made f^^ « 4?0 mm. 
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SECTION 10 
OPTICAL DAMAGES 

In the swltohlng matrix, which la being implemented under this 
contract, the electro-optic Bragg diffraction switches are built In planar 

Integrated-optlcs waveguide. In the planar waveguldu^, the waves are confined 

* 

In one-dimension only (x-axls); In the orthogonal direction (z-axls), the 
Confinement Is performed by the high directivity In the focal plane of the 
focused laser beam. This design approach eliminates any waveguide Junctions, 
also the wave propagation is not adversely affected by the switches when they 
are in the "off" position. However, the design of the switchings matrix In 
planar waveguide requires that the propagation properties of the planar 
waveguide do not noticeably Impair the spatial coherency of the focused laser 
beam along the z-axls. 

Difficulties had been encountered and were outlined In Section 8. We 
had observed that the spatial coherency of the Incident laser beam was 
measurable deteriorating (in the z-directlon) when propagating through the 
integrated -optica planar waveguide. The phenomena which primarily affect the 
beam propagation in integrated-optlcs planar waveguides are scattering, which 
Is Independent of optical power density, and scattering which becomes more 
severe with Increasing optical power density. 

In earlier experiments on planar integrated-optlcs waveguides which 
have been published ZnO or ZnS films were used which were deposited on 
glass. In these waveguides strong scattering was observed. Experimental 
results on coupling in and out of this type of waveguide, using a double-sided 
coupling prism, are shown in Figure 10-1^^^, The propagation of the optical 
waves In Figure 10-1 is in the x-direction. The incoming laser beam (at the 
left) is incident In synchronous direction of the m-th waveguide mode. (In 
the synchronous direction, the phase velocity of the wave in the prism 

projected on the base of the prism (jS_ = n_ sin 6.), is equal to the 

a,m ^ o 3 5 

phase velocity ^ of the m-th mode in the film. The bright round spot tP 
the right In Figure 10-1 gives the diameter of the laser beam which had been 
reflected from the base of the prism. The la sat' beam Incident at the 
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Figure 10-1. Experlnental Arrangement For Observation of Coupling 
and Intennode Scattering. This Setup was also used 
for the Determination of the Propagation Constants 0 . 
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synohronous angle of the m-th mode exoltes In the waveguide this mode* The 
m-th mode propagates in the x>direotion and is coupled out of the waveguide by 
the second slanted surface of the prism. It forms the bright line that 
intersects the round laser spot. The extension of this line (in the 
y-dlreotion) over the diameter of the laser spot is caused by scattering in 
the planar integrated-optics waveguide. Scattering in the waveguide also 
produces the additional bright lines in the x-z plane in Figure 10-1. The 
waveguide, which is formed by ZnO or ZnS disposition on glass, can support 
many modes along the z-axls; the additional bright lines result from 
scattering from the m-th mode into waveguide modes of orders different from 
m. 


Scattering, which is Independent of optical power density, is 
considerably smaller in integrated-optics waveguides which are formed by Ti 

diffuaion into LiNbO^ » This type of scattering was related to volume 

*5 

imperfections caused by anisotropic refractive index variations in the 
waveHUl.dvN' rather than by surface roughness. It has been reported that 
gcsiteping increases in proportion to the amount of Ti used to make the 
waveguide but is not, within limits, sensitive to the time and temperature of 
the diffusion process. Polishing of the LiTiNbO^ surface reduces 
scattering, especially of waveguides formed by thicker layers of Ti. Also, 
scattering is similar in x-cut and y-cut crystals. A typical in-plane energy 
distribution as a function of scattering angle, measured in air, is shown in 
Figure 10-2^^ ^ 

Ti diffused LiNbO^ waveguides unfortunately are subject to the type 
of scattering which becomes more severe with increasing optical power 
density. This type of scattering in fact results from optical damage. The 
difficulties described in Section 8 actually were caused by optical damage. 
Optical damage is an optically-induced Inhomogeneity in the refractive index 
of crystals of LiNbO^ and LiTaO^. The inhomogeneity is not produced 
Instantaneously, but builds up with time. A track of inhomogenelty is 
produced along the path of the laser beam principally in the extraordinary 
refractive index, where the beam propagates perpendicular to the optical 
axis. The beam distorts primarily along the optical axis. 
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Figure 10-4. Output Intensity Profile of LiTiNbO^, Waveguide Along z-axis 
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The energy distribution in the planar waveguide in the z-direction is 
set up by the beamwaist of the HeNe laser radiation» which had been focused by 
a lens of 15 cm focal length. The Gaussian beam radius of the HeNe laser at a 
distance of 135 cm was measured to 1.25 mm. From Equation 9-1 in Section 9> 
this corresponds to a beam radius at the lens of 15 cm focal length at a 
distance of 37 cm to O.M mm, and from Equation 9-6 in Section 9, to a beam 
radius at the beamwaist of the lens in the planar waveguide of 
Wq = 7^*7 microns. This value is in fair agreement with the beam radius in 
the planar waveguide w^ = 68.5 microns, which had been derived from the 
far-fleld energy distribution shown in Figure 10-4. 

The far-field distribution measurements were repeated on the same 
waveguide at lower power flux densities. The results are shown in Figures 
10-5 and 10-6. The energy profiles are similar to those in Figure 10-4, only 
the far-field distribution in Figure l0-6, measured at the lowest power level, 
is narrower. The narrower far-field distribution corresponds to a wider beam 
radius of 87 microns in the planar waveguide. The smaller beam radius of 
68.5 microns at the higher power levels might result from self-focusing of the 
laser beam in the waveguide. Self- focusing can possibly be introduced by the 
higher temperature of the waveguide at the energy maximum of the Gaussian 
mode. An increase in temperature due to losses in the waveguide causes an 
increase of the refractive index in LiNbO^. A temperature gradient from the 
center of the Gaussian mode can yield a refractive index gradient with the 
maximum at the center of the mode. This type of gradient effectively has 
lens-like properties and .can decrease the width of the laser beam in the 
planar waveguide. Obviously, the losses are higher and self- focusing would be 
stronger at higher optical powers. 

The typical Gaussian energy distribution shown in Figure 10-4, 
remained the sajne when the laser beam, incident on the waveguide, was 
displaced in the z-direction. However, there were two small areas on the 
Crystal Technology substrate where several diffraction lobes became visible in 
the far-field; also, the main beam became noticeably narrower. This 
observation indicates optical damage in these areas, resulting in a widening 
of the laser beam in the planar waveguide and the formation of filaments. 
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Figure 10-6. Output Intensity Profile of LiTiNbO^> Waveguide Along z-axis 
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The output energy profile was also investigated of a Ti diffused 
planar waveguide on a LlNbO^ substrate, purchased from Union Carbide. The 
measured values and the computed values for a Gaussian energy profile, are 
shown in Figure 10-7* The far-field is slightly narrower than that shown in 
Figures 10-4, 10-5, and 10-6, corresponding to a slightly wider beam radius in 
the planar waveguide of 101 microns. 
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Figure 10-7. Output Intensity Profile of LiTiNbO,, Waveguide Along z-axis 



REFERENCES 
TO SECTION 10 


1. R. K. Rien et al. “Appl. Phys. Letters," Vol 14, No 9. 

May 1, 1969, pp. 291-294. 

2. D. W. Vahey et al. "Ferroeleotrics," 1980, Vol, 27 pp» 81-84. 

3. R. L. Holman et al. "Ferroeleotrics,” 1980, Vol. 27, PP» 77-80. 

4. R. L. Holman et al. "Appl. Phys. Letters," Vol. 32, No 5, 

March 1, 1978. 


10-13 


